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ABSTRACT

An analytical technique (based on concentric streamtubes at
the exit plane) for describing the non-uniform, exit flow field of a
hydrogen-fueled supersonic combustor is described and shown to give
satisfactory results when applied to actual experimental data. The
experimental program is being conducted with a conical combustor to which
arc-heated air is supplied at Mach 2.95, 2000°R and 11 psia for periods of
25 to 30 sec. The combustor has a 2.7-in. inlet diameter, an exit-to-inlet
area ratio of 2 and a length of 20.5 in. Heated hydrogen is injected at the
walls either normal to or partially downstream to the airstream from either
an annular slot or discrete holes. The experimental setup and instrumenta-
tion are fully described. Results show that combustion efficiency is very
sensitive to injector geometry, fuel temperature and equivalence ratio,
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NOMENCLATURE

Area, ft?

Pressure coefficient
Specific heat, Btu/lbm=OR
Stream thrust, 1bf
Stoichiometric fuel-air ratio

Sensible enthalpy, Btu/lbm

Heat of formation, Btu/lbm

Absolute enthalpy, Btu/lbm

Sensible heat, Btu/lbm

Mach number

Molecular weight, 1bm/lb-mole

Mole number

Pressure, lbf/ftz

Pitot pressure, 1bf/ft2

Heat flow rate, Btu/sec

Dynamic pressure, lbf/ft’3

Universal gas constant, 1545.3 £_t-1bf/1b mole-OR
Temperature , °Rr

Velocity, ft/sec

Volume, ft?

Weight, Ibm

Weight flow rate, 1bm/sec.

Mole fraction

Mass fraction




o4 Combustor divergence half-angle, measured from horizontal, degree

B Fuel injection angle, measured from horizontal, degree
& Cone static probe half-angle, degree

M. Combustion efficiency

Y Specific heat ratio

A Conversion factor = 2.504 x 104 Ibm-ftQ/Btu-secg
® Equivalence ratio

o Density, Ibm/ft3 or slug/fe®

T Frictional shearing stress, 1bf/ft2

e Momentum flux, lbf/ft2

Subscripts

a Air

b Gas sample bottle

C Combustor

cp Combustor products

e Combustor exit

eff Effective

f fuel

g Gas sample

i Combustor inlet

K Calorimeter

S Cone static probe surface

t Total conditions

w Combustor wall conditions or calorimeter quenching water conditions
© Free stream conditions

iv
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Combustor inlet

Fuel exit

Combustor. exit

Calorimeter quenching water inlet

Calorimeter exit

Superscript

*

Conditions at M = 1.0
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INTRODUCTION

The weight limitations apparent in man's initial conquest

of space using rocket-powered boosters have naturally stimulated the
scientific community to find a more efficient second generation accelera-
tor. Theoretical analyses invariably conclude that the ultimate chemical
propulsion system will be, at least in part, a supersonic combustion ram-
jet using hydrogen fuel (see, e.g., Refs. 1-6). Recognition of this
attractive potential has led to a desire to obtain the data needed to specify
the design of efficient injection and combustion systems, and to experi-
mentally verify the expected combustor performance. |In pursuing this goal,
a prime requirement is to gain understanding of the basic phenomena that
control the supersonic mixing and combustion of Hy and air in order to
identify critical parameters and determine their relative importance

(see, e.g. , Refs. 7-10). Prerequisite to making meaningful measurements
in a real combustor environment, however, is the need to develop instru-
mentation and analytical techniques which will permit the gathering and
analysis of experimental data in a very severe environment. Accordingly,
the primary effort of the supersonic combustion study reported herein has
been directed toward meeting these basic needs. This report describes the
work done at APL in the area of Hg-air supersonic combustion over the past
two years. Porrions of the work have been previously described in abridged
forms, (Refs. 11, 12). Considerable work has been done and is continuing
in similar programs supported by the U. S. Air Force (Refs. 4-6).

TECHNIQUES OF ANALYSIS AND DATA REQUIREMENTS

A fairly complete picture of supersonic combustor performance
can be developed from knowledge of the absolute and relative magnitudes of
heat release and entropy rise or irreversible momentum loss,, Fortunately,
over-all measures of these properties can be determined by rather straight-
forward experimental techniques. The steam calorimeter offers a rather
accurate means of measuring over-all heat release, and in the absence of
thrust-stand data, pitot-static pressures give meaningful measures of local
stream thrust flux which are not very sensitive to the local thermodynamic
properties (Ref. 133, Accordingly, it might appear that a more detailed study
of the flow field would be unnecessary. However, a detailed picture serves
two very important purposes: (1) it permits identification and evaluation
of the various mechaniems by which performance is lost (e.g., shocks, poor
mixing, incomplete reactions, viscous losses, etc.); (2) it is required in
the design and performance evaluation of the nozzle expansion process down-
stream of the cornbustor exit.

The unique description of combustor performance from experimental
results requires complete knowledge of the spatial distributions of pressure,
temperature, specie concentrations and velocity in the combustor exit plane.
From these properties one can determine any number of defined performance




parameters by comparison with corresponding counterparts that would result

in arbitrarily, but meaningfully, defined i1deal processes proceeding from
the same initial conditions. Moreover, if the combustor air and fuel inlet
conditions and the lateral wall transport of mechanical and thermal energy
are also known, the identical satisfaction of the integral conservation
equations (mass, momentum and energy) and the equations-of-state (thermal

and caloric) is assured, The difficulty in using this technique in the
analysis of actual combustor tests iIs caused by the severe instrumentation
limitation both in measuring local gas dynamic properties and in determining
the temperature and the composition of the gas, which in general contains free
radicals. The reverse approach would be to use the integral conservation and
the state equations to determine the combustor exit properties; however, this
approach requires the simultaneous solution of a set of coupled, integral
equations, a near impossible task under normal conditions. A reasonable
compromise in this situation is to measure, as well as possible, as many
properties as one can and to use the integral equations to determine the
others through successive iterations. In practice, even this approach
requires compromises due to the nature of the equations and inherent non-
uniformity in the flows. Consequently, some simplifying assumptions must

be made before the theory can be expeditiously’applied. The success of the
technique depends upon the reality of the required assumptions and the
sensitivity of computed quantities to these assumptions.

Techniques and Requirements

In applying the conservation equations to combustor data analyses,
the following assumptions are made: (1) steady-state conditions; @) axially-
directed* velocity at the inlet and exit planes; (3) negligible external
forces. Application of the conservation laws to the combustor control volume
shown in Fig. 1 results in the following equations:

Mass Conservation:

j o,V dA, + f o Vgl = f PV dA, (1)

Ay Ag Ay

For conical supply nozzles and combustors, this could easily be modified
to a source-flow approximation, of course, If the divergence were significant.




Axial Momentum Conservation:

f f
- + - _ -
[ PidAi + _ P, SING dAf f P, sing dAw 'rW cos & dAw f pedAe
Ay Ag Ay Aw Ae
(2)
= 2 _ 2 - 2
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e i f ,
Energy Conservation:
V.2 V2R f :
1 = e
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‘Ai ' Af Ae

It is assumed (and experimentally verified) that the flow is approximately
uniform at the combustor and fuel inlet planes. Furthermore, it is assumed
that the flow field in the combustor exit plane can be divided into a finite

number () of concentric areas over which the properties are nearly uniform
implying axisymmetric flow. Under these conditions, Egs. (1-3) can be inte-
grated to yield, after rearrangement:

Mass Conservation:

PiViA; + PehAghs }: Pe Vo 26, (%)
. J 3 1]
Axial Momentum Conservation:
+ + 2, + i
piAi pfAf sin & p V A prf g cos B+j P, sin @ clAW
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(5)
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Energy Conservation:
n v 2
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The terms on the left-hand sides of Egs. (4-6) are known from

experimental measurements and geometry. The term f cos ¢. dA is evaluated

A

by determining a mean value of the wall shear stress from the experimentally
measured mean wall heat flux assuming that Reynolds® analogy (Ref. 14) between
energy and momentum transport applies. The validity of this assumption is
of minpr Importance since, in our testing, the magnitude of the wall friction
force is small compared to other terms inEq, @©. Examination of these
equations reveals that the n-fold unknowns are pressure, p density, Pg o
el h|

velocity, V, s and enthalpy, he , Oof the various exit areas, Ae .

3 3 3

One-Dimensional Analysis

Data requirements and analyses would be relatively simple if the
flow in the exit plane were essentially one-dimensional, because (with the
input parameters known) the measurement of one exit property (e.g,, static
pressure) would completely define the remaining unknowns in Egs. (4-6). 1In
order to determine additional properties in the exit plane such as temperature
and entropy, the local gas composition would have to be known. If the chemical
species were products of complete combustion (equilibrium composition), the
gas composition and temperature would be determined by the fuel-air equiva-
lence ratio and the caloric and thermal equations-of-state:

X, =X, (b, p,,®), and T =T (p,, P> Xek), (7)
where X, and P are, respectively, the mole fractions of the k chemical
k
species and the equivalence ratio, In the absence of complete combustion, the
exact temperature and composition corresponding to the local values of pressure,
density and enthalpy would have to be determined from kinetic calculations.
However, it is possible to use equilibrium thermodynamic data to define an
“‘effective’ equivalence ratio, M, ¢eo BS being that value which with complete

combustion would produce the required exit conditions. For ¢ < 1, this
assumption is reasonably good, because the presence of unburned fuel in local
equilibrium with the completely burned products does not significantly affect
the thermodynamic properties of the mixture, as long as the percentage of
dissociated unburned fuel is small. The ratio of Pofg TO the value based on

measured fuel and air flow rates would provide combustion efficiency. The
determined value of entropy rise or stream thrust (i,e,, peAe' +0 eveer) could

also be compared with reference values to obtain measures of thrust efficiency.
A reasonable model for computing these reference values assumes that heat
release equal to the measured value occurs uniformly at a constant area equal
to the combustor inlet area in the absence of any heat or viscous losses,
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including shocks, followed by isentropic expansion to the combustor exit
area. The one-dimensional conservation equations are then used with the
known input: conditions and equilibrium thermodynamic data to solve for
the reference entropy rise and the quantities with which the reference
exit stream thrust is evaluated.

Actual Flow Analysis

In reality, there are significant radial gradients, at least,
in the supersonic combustor exit plane. |f each flow property distribution
can be reasonably approximated by step functions of n steps, then there
are 4 n unknowns in Eqgs. (4-6). The only means of solving this system of
equations is to determine by iteration the set of distributions which simul-
taneously satisfies the equations. This is, obviously, a difficult task,
For each property distribution which can be experimentally determined, the
solution of the equations becomes more feasible. The measurements which
are most conveniently made are cone-static and pitot pressures. Cone-static
pressures can be converted to local static pressures ps, as shown in Appendix
C. The local static and pitot pressures can be used with the Rayleigh
pitot formula (Ref. 15) to calculate the local Mach number, M,. The accuracy
of this calculation depends upon the specific. heat ratio, Y, used, but in a
very weak manner. The momentum flux peve2 = YePeMea, can then be calculated;
reasonable techniques, one of which will be described presently, can be
devised for estimating ¥e with high accuracy. Thus, cone-static and pitot
pressures give the approximate distribution of peVe*?. Even with these
properties established, 3 n unknowns remain in Eqgs. (4-6). However, pgVe®
can be used in obtaining an approximate solution of the equations, and, more
important, it provides a nearly exact measure of momentum loss or entropy rise.

To proceed with a solution of the equations, some further assump-
tions are needed concerning the nature of additional properties. In the
absence of local temperature measurements, it is assumed that convection is
the only mechanism for energy transport throughout the combustor flow field,
except in a region or "streamtube” which is identified as the outermost con-
centric area in the exit plane. 1In this region the measured heat loss to the
wall is permitted. (The validity of this assumption is discussed in the next
section.) This assumption permits the integration of the differential energy
equation along any path through the combustor, excluding the wall region, the
result being a direct relationship between the energy flux at any point in the
exit plane and the local relative values of air and fuel mass fluxes. Utiliz-
ing the definition of equivalence ratio, o = (";Tf/\'.di)/fs, the energy equation
can now be written as

C,
ht - %Pe. fsht - g_l =+ CPe. £ Yh (8)
i j £ i j s tej




where f)C = O except for the outermost area, and where ht =h+% .
J

Using the locally measured equivalence ratio with Eq. (8) gives local
values of (he + % v®), The quantity, W, o, for the outermost "streamtube!

J
Is not known, a priori, and is determined by an iterative process, which
can take either of two starting points: (D the heat loss, Q, »can be

. J -
at first neglected; or (2) the air flow rate, w5 can be taken proportional

]
to the relative size of the "streamtube' exit area.

In the absence of composition measurements, some assumption on
the local chemical composition is required before further progress is pos-
sible. The approach is to assume a Poff (as previously defined) and, by

an iterative procedure, determine the local h, ¢, and V which satisfy

Eq- (8 ), and the locally measured static and pitot pressures via the real
gas, normal-shock relationships (Rayleigh pitot relations), The measured
¢ distribution determined by gas sampling serves as a bound beyond which
the local o ¢ cannot exceed. Satisfaction of the momentum and continuity
equations afdfthe calorimetrically determined mean o, ¢¢ (See Appendix A)

Is then used as the criterion by which the correct oes¢ distribution is
established. Since the momentum balance is quite insensitive to @ ¢y,
satisfaction of the other two requirements is the controlling criterion for
the analysis, The results of the analysis are used to determine the total
exit stream thrust by summation of local values, and to define the mean
exit entropy. Performance parameters are then formulated in the manner
described for the case of one-dimensional flow. In subsequent discussions,
the preceding analysis will be referred to as a streamtube analysis. It
Is to be noted, however, that no attempt is made to identify lateral
boundaries between the inlet plane and a given exit plane sub-area,

S0 use of the.word Streamtube, which is not strictly applicable in this
situation, is based on i1ts descriptive connotation.

This analysis has been programmed on an 184 7094 computer and
centers around the thermodynamic program developed in Ref. 16.

Discussion

The basic assumptions made in the real flow analysis are: (1)
thermodynamic properties can be adequately described using equilibrium
properties at an "‘effective’” equivalence ratio; (2 convection is the only
mechanism of ecergy transport except In the region of the walls, where
conduction may also occur. With these assumptions and the available measure-
ments, the conservation equations are solved for all basic flow properties from
which performance parameters are deduced. At this point, it is worthwhile
to examine the effects of these assumptions on the successful execution. of




the analysis and on the accuracy of the deduced properties.

As previously mentioned, assumption (1), though not strictly
valid, is reasonably good as long as a negligible amount of unburned fuel
is dissociated. .Assumption (2) would be invalid if an appreciable amount
of energy were transferred by gas conduction, diffusion or radiation.

Except in the wall region, energy transport by the molecular mechanisms is
negligible in a supersonic, turbulent flow. However, radiative transport
can be significant, but it is small for the test conditions reported herein.
For example, consider the radiant energy due to water vapor emission at
typical combustor conditions. For an equivalence ratio of 1.0, a static
pressure of 1atm and a static temperature of 5000°F, the partial pressure
of water vapor €or complete combustion is 0.26 atm (Ref. 17). Using the
emissivity data given in Ref. 18, the energy radiated to the combustor wall
is calculated to be ~10 Btu/sec. The experimentally measured combustor heat
loss for the same conditions is typically ~ 350 Btu/sec. Assuming complete
absorption at the wall, this calculation indicates ~ 3% energy loss due to
water yaporradiation, |f radiation from other species such as OH, O and NO,
all of which are present in only small amounts, is considered, then the
radiation loss to the wall is probably less than 5%, even at these ideal
conditions. Radiation between gaseous species is much less due to their
lower absorptivities.

If either assumption (1) or (2) is invalid in a particular
situation, some difficulty will be encountered in satisfying the conserva-
tion equations and the experimental measurements exactly. However, the
deduced stream thrust, 3, is negligibly affected by local chemical composi-
tion and only mildly affected by the local temperature, so that a reasonably
good determination of the local temperature is sufficient for this determina-
tion. To illustrate this point, the variations of weight flow rate, w,
and 3with ¢, h, p. »and p, for typical test conditions are shown in Fig. 2.

e

At hy = 1361 Btu/1b, the change in & for a ¢ change of 0.2 to 0.9 is only
1.2%, whereas the corresponding change inw is 18%. At® = 0.2, the changes
inw and & due to a 11%change in hy are 4% and 1%, respectively; at o = 0.9,
these values become 3.2% and 2.1%, respectively. For a constant hg, a 10%
decrease in pg results in decreases in w and 3 of 3.4% and 1.1%at o = 0.5,
respectively,whereas:a 10% decrease in pitot pressure results in decreases of
8.3% and 9.7%. These results show that stream thrust is closely related to
pitot pressure but relatively insensitive to other properties. Thus, it

is apparent that with pitot and static pressure measurements, together with an
independent measurement of heat release, one can determine the two most
important performance parameters, combustion efficiency and stream thrust
efficiency, with sufficient accuracy. Not only can the basic performance
parameters be determined from static and pitot pressures and an over-all
calorimetric measurement with only rough estimates of other flow properties,
but by obtaining an optimum closure on the conservation equations, the

best flow field description possible with the available instrumentation

can be obtained. Moreover, as will become evident in subsequent sections,




it allows an assessment of possible errors which may occur in obtaining
experimental data.

BEXPERIMENTAL APPARATUS AND PROCEDURE

Test Facility

Figures 4 and 5 show the experimental arrangement. The combustor
is supplied by an 8.5° half-angle conical nozzle to which air (or Nz for
mixing tests) is supplied through ak electric arc heater. For the supply
nozzle being used in these tests (A ¢ = 0.83 in.®) and at a constant air
weight flow rate of 2.85 1b/sec, the arc heater provides a total enthalpy
range of 1400-2000 Btu/1lb at total pressures of 425-500 psia; pressures up
to 640 psia at 1400 Btu/1lb and down to 150 psia at 2000 Btu/1lb can be
attained by varying weight flow rate.

The 19.4-in. -long water-cooled combustor diverges at a 1.5° half -
angle from an inlet diameter of 2.7 in. Adjustment of the cooling water
flow rate through the 3/16-in, annular passage permits some control of
wall temperature, from ~ 400 - 900°F., Initial tests were conducted with two
other combustors which employed different cooling principles; the first of
these was a 12.9-in, -long, uncooled model wused in Runs (1) and (2) of
Table 1I1) whose inner surface was flame-sprayed with zirconium oxide which
was tried with the hope of successfully operating with hot walls; the second
model was 19.4-in,-long and cooled by external water sprays which offered the
possibility of economical cooling. Neither of these models was sufficiently
cooled to withstand the severe combustor environment.

Four fuel injector configurations have been tested: (1) an annular
wall slot at a 45° downstream angle to the flow, with an offset area to
reduce injection interaction; (2) a flush-mounted, wall injector ring with
8 equally-spaced 0.104-in. -diam. radial holes at 90° to the air flow; (3)
an injector identical with (2) except the orifices are inclined 45° downstream
to the air flow; and (4) a flush-mounted, wall injector ring with 16 equally-
spaced 0.073-in.-diam. holes at 45° to the air flow. Photographs of the
injectors are shown in Fig. 5.

The hydrogen heater used in the initial portion of this program
consisted of a 300-Ib block of nickel 200 into which multiple interconnected
flow passages were drilled and capped by welding. The block was heated to
~ 2000°F in a furnace prior to testing. This design proved unsatisfactory,
because excessive thermal stresses upon temperature cycling eventually led
to cracking, particularly in welded areas.

A better heater, currently in use, has been made from a nickel
tube that is resistance-heated (Fig. 6). The 384-in.-long 0.500-in. I.D. X
0.312-in. wall, thermally insulated tube acts as the resistance element in a
DC circuit. It is heated to 1000°F in.60 minutes by the 1000-amp battery
charger, then it is rapidly heated (5'minutes) to 2000°F by the 10 submarine

8 —



battery cells to hold surface oxidation to a minimum. The circuit remains
closed during the blowdown phase and supplies 13% of the total power to the gas;
0.07 1b/sec of hydrogen can be delivered at 2200°R and 1000 psia for more than
20 seconds. Figure 7 shows an exit temperature history for a H, flow rate

of 0.6 1b/sec,

In the process of calibrating the heater, data were obtained on
the electrical resistivity (p) of the material as a function of temperature
(Table . Between the listed points, the material exhibits a near linear
characteristic with the listed slope, a.

Combustor lnstrum tation

Typical instrumentation in the combustor exit plane is shown in
Fig. 8 The water-cooled pitot pressure and gas sampling probes are made
from concentric pairs of tubes in which the water in the outside tube is
discharged overboard approximately 3/16 in. downstream of the probe tip.
The inner tube of the gas sampling probe has a sharp lip and a 2:1 internal
area expansion aimed at providing shock attachment and supersonic expansion
that might partially quench reactions within the probe. The 15° half-angle
cone-static pressure probes have water-cooled tips made of either copper or
tungsten-10% tantalum and have four pressure taps at 90° spacing, each
connected to its own transducer. When multiple-hole fuel injectors are
used, the probes are located in exit plane pogitions both in line with and
between fuel ports. The remaining combustor instrumentation consists of 38
static pressure taps and 4 thermocouples located in the combustor wall. The
wall temperatures are used in conjunction with combustor wall coolant flow
rates and temperature rise to obtain the wall heat flux and deduce the wall
shearing stress. Motion pictures are also taken of the combustor exit flow
field,

The gas samples taken during combustion tests pass through a
magnesium perchlorate dessicant for water removal and weight analysis and
then into a valved storage container, The equipment (Pigs. 9(a) and 9(b))
has provisions for 7 samples. The dessicant containers (plexiglass) are
weighed before and after a test. The storage tanks have provisions for
pressure and temperature measurements. Prior to acquisition of a commercial
gas chromatograph.which is now used to analyze for H, , 0, , and v, ,
analysis was made using =« thermal conductivity cell for H; and an analyzer
which detects magnetic susceptibility for 0, and NO;-N;0,, FOr Nz-Hs mixing
tests, the unit illustrated in Fig. 9(c¢) and shown in Pig. 4 is used. This
unit consists of 21 storage containers which allows samples to be taken at
three different fuel_settings during a single run.

The steam calorimeter has a 7.4 -in. 1.D., a 0.3-in, cooling
water passage and is 63.0 in.-long. (A model having an 11.5 in. I.D. had been
used in early testing but was replaced because of its excessively long
temperature-time response caused by heat losses to the large surface area.)

W“ 9



The wall temperature is operated at — 350°F in order to avoid quench water
condensation. The bulk of the calorimeter quench water is supplied by the
instrumentation probes located at the combustor exit. When necessary,
additional water is supplied by spray nozzles (see Fig. 8) 0.5 in. downstream
of the probe rakes, The quenched gas temperature is typically 1000°F and is
measured by 12 thermocouples located at the exit plane (Fig. 10). Static
and total pressures are also measured at the calorimeter exit and used to
determine the exhauster pressure level required to maintain a low exit
velocity. With the measured wall-cooling rate and quench water injection
rate, the combustor bulk heat release is determined.

Test Procedures

Tests normally are of 25-30 sec, duration, Nitrogen is purged
through the hydrogen heater prior to arc-heater operation in order to pre-heat
the fuel lines and injector to permit rapid establishment of steady-state test
conditions. In combustion tests, fuel flow is initiated immediately after
arc-heater firing and gas sampling is begun 2 sec, later and continued for
8 sec, After-completion of sampling, two other fuel settings are established
and maintained for 6 sec. each, during which time calorimeter data are
obtained. Finally, calorimeter data in the absence of fuel injection are
obtained. In mixing tests, a similar procedure is followed with gas samples
being taken at 3 fuel settings. Thetechniques followed to deduce free stream
static pressure from cone probes, equivalence ratio from gas sampling,. and
heat release from calorimeter measurements are described in the Appendix.

RESULTS AND DISCUSSION

Combustor Inlet Air Profiles and Properties

Figure 13 shows the Mach number profile in the combustor inlet
plane deduced from pitot-to-total pressure ratios; in the inviscid portion
of the flow, M. is within :_|_' 0.05 of the computed one-dimensional value based
on equilibriumlisentropic expansion from the arc chamber.

Several methods have been used to determine the temperature
gradient in the combustor entry flow field and to verify the mean enthalpy
level as deduced from mass flow rate, arc pressure, and effective nozzle
throat area. In one of these tests, the temperature at the stagnation point
of a hot body was measured by a radiation pyrometer and compared to the
computed value based on deduced arc enthalpy. Figure 12 shows the tempera-
ture-time history of a 3/8-inch radius pyrolytic graphite probe at two
locations in the arc -exhaust jet. A direct 1uminositg photograph is shown
in the inset. The measured temperature was 250° j_f 50"F above the computed
value for the centerline position and 150°F + 2500F below the computed value
for the 3/4-in, offset position. 1t appears—that the mass balance method
of obtaining arc chamber enthalpy probably yields a reasonable mean (time
and volume averaged) value, but a small radial gradient, as well as a fluctua-
tion, is present. In another test, a total temperature probe was tested in
arc-heated nitrogen. The tungsten-3% rhenium vs tungsten-257% rhenium thermo-
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couple was insulated with beryllium oxide within a tungsten-10% tantalum body.

The probe |nd|cated a jet centerline mean total temperature of 5800°R, which
compares with 6010°R computed from the mass balance technique. |If the
210°R difference is due to probe recovery, then the recovery factor was
94%.

The question of air composition is extremely important in
such ground testing of scramjet combustors. Gas samples withdrawn at the
combustor inlet showed an Oz concentration of approximately 19.4 mole
percent, based on the assumption that the sample tank contained Oz, Ny
and NOz-N20, only (presumably, NO in the sampled gases combined with O,
to form equilibrium NOz-N304 in the tank). This level of Oz concentration
implies an NO concentration of 3,1%, which is equivalent to the equilibrium
value at the supply nozzle throat conditions and suggests freezing of the
NO at that point. In order to study this feature more closely, a gas
sample was withdrawn from the nozzle throat and analyzed specifically for
NOz -N20, by infrared absorption. This analysis indicated a sample tank
concentration of 7.2 mole percent NOg-N304 which corresponds to 11.1%0
NO and 15.4%0; in the gas stream. This level of NO is considerably higher
than the equilibrium concentration at plenum conditions and cannot be
readily explained. However, kinetic calculations suggest that this level
of NO concentration would slightly improve the H,-air reaction.

i

i . i {
Slot Injection Combustion Tests

The first series of tests was made with the 45° annular wall
slot injector before all of the combustor exit instrumentation became avail-
able, so that only qualitative conclusions can be drawn from the data. The
combustor inlet conditions and fuel injectant conditions are listed in
Table 11. None of these tests produced any significant heat release. In
runs 1 and 2, the slot width was 0,067 inch, which would have resulted in
sonic injection for ER = 1.0 and pg = p;. However, for the fuel flows
tested, the injection slot was unchoked, My = 0.38 and 0.53 for tests 1
and 2, respectively. In runs 3 and 4, a spacer in the injector was removed,
and the resulting geometry had a constriction upstream of the injection
point, so the injection velocities were supersonic,M~2,27 and 2.44, respec-
tively. The static pressure distribution €or run 2 shown in Pig. 13 is
typical of all four runs. For comparison, computed pressure distributions
are shown for (a) isentropic expansion with no Injection, (b) isentropic
expansion of the air and injected Hy in the absence of mixing and heat
release, and (c) instantaneous mixing followed by equilibrium combustion.
The mean of the measured pressure distribution more nearly follows case (b).
The irregularities in the measured pressure distribution are due to reflected
compression shocks and expansion waves. The flrst compression wave resulted
from a change in flow divergence angle of 8, 5° at the air supply nozzle to
2.5%, the combustor divergence angle in this test, at the point of fuel
|nject|on. To illustrate this point, the pressure rise which would result
from the boundary flow at the nozzle exit being turned to its new direction
through a plane, oblique shock is shown in Fig. 13. This computed pressure
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satisfactorily predicts the combustor inlet wall pressure.

To date there is not an analytical solution available for the
mixing, including kinetics, of two streams with different flow directions
in a varying pressure field, However, the results for the slot injector
have been examined in the following two theoretical models, and in each
case ignition would be predicted:

(1) A premixed stream starting at the combustor inlet conditions
followed by a constant-pressure reaction and expansion using the kinetic
calculations developed in Ref. 19. This analysis suggested an ignition
delay distance of less than 2.0 in. Since reactions involving Nz were not
considered in Ref. 19, the technique was modified to include 8 reactions
involving the oxides of Ny in order to determine how large amounts of
initial NO would affect the reaction history. As shown in Fig. 14, the
induction time is not markedly affected by the presence of NO, but the
rate of heat release is increased (compare results at 3.2% NO). Increasing
the NO concentration from 3%to 10%caused a further increase in heat
release rate, but at 13.5%NO, it fell off somewhat. These results are
noticeably different from those obtained in recent shock tube studies of the
effect of NO on Hy-air kinetics at low temperatures (below 2000°R) where it
was found that even small amounts (1%) of NO substantially reduced the
induction time (Ref. 20).

(2) An approximate solution to the mixing of two coaxiali
streams in a constant pressure duct (Ref. 21). Realistic initial boundary
layer profiles for the fuel and air are assumed and isotherms and con-
centration profiles are predicted. The kinetics used in Ref. 19 are then
roughly superimposed on the flow field to see whether residence times at
various temperature levels would suggest ignition.

The subsequent favorable results with discrete-hole injection
suggest that no major experimental error existed in the tests and imply
that the theoretical models are not adequate descriptions of the actual
flow. This is obviously true for the first. model. since it entirely neglects
the effect of mixing.

Multinle-Hole Iniection Combustion Tests

Tests with 900, 8-hole injector. - Combustion has been readily
established with the multiple-hole Injectors under all test conditions
(Table I1I). Combustor wall pressure distributions measured with the
90°, 8-hole injector -are shown in Fig. 14. Pig. 15(a) shows the effect
of equivalence ratio at a nearly constant fuel temperature. Also shown in
Fig. 15(a) is a typical pressure distribution measured in the absence of
fuel injection where the pressure rise at the combustor exit was caused
by an excessively high facility exhaust pressure, These measured distri-
butions are to be compared with those expected from one-dimensional,
isentropic expansions of air alone and air plus fuel in the absence of mixing
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and heat release which are also shown in Fig. 15¢a), The measured pressure
levels increase with increasing equivalence ratio (p). The irregularities
are due to shocks and expansion waves generated by the initial injection
interaction, a flow boundary discontinuity 1.28 in. downstream of the injec-
tion plane (see Fig. 3), and reflections of waves from these sources. Com-
parison of pressures measured 0.15 in. upstream and immediately downstream
of the injection station show how the injection interaction (as represented
by wall pressure) increased in strength with increasing ¢; however, the

high initial pressure level in run 8 eventually decayed to a level below
that of run 7 at the exit plane, indicating less heat release in run 8, which
also agrees with the combustion efficiency results (Table III) determined

by a one-dimensional analysis.

The effects of fuel temperature on combustor pressure distribution
measured with the $0°, 8-hole injector are shown in Fig. 15(b) for an
ER of ~ 0.72 at fuel temperatures of 775°R and 1492°R, and at an ER of
~ 0.49 at 640°R and 1058°r, 1In each case, preheating increases the strength
of the interaction (because injection velocity increases for given o), and
a higher pressure-level is maintained throughout the combustor, indicating
improved heat release, as is confirmed by the one-dimensional analyses.

In none of the runs made with the 90°, 8-hole injector were gas
sampling, cone pressure or calorimetry data obtained, so that the streamtube
analysis previously described could not be rigorously applied, nor could
combustion efficiency (n.) be accurately determined. As previously discussed,

can be estimated by a one-dimensional analysis, using wall-static pres-
slire as the only known property in the exit plane. The n.'s so estimated for
runs 5-10 in Table III wmay be inaccurate, but they probably are indicative
of the trends that occurred.* The streamtube analysis was attempted on run
10, however, by using the measured pitot pressure distribution, assuming a
uniform static pressure equal to wall exit value and determining a distri-
bution of ¢, ¢¢ Wwhich approximately satisfied the continuity and momentum
equations. Tﬁe result iIs presented here because it demonstrates a useful
feature of the streamtube analysis, that of indicating which assumptions on
the flow field are poor (or which measurements may be in error).  The magni-
tudes of known input and deduced exit quantities pertinent to run 10 are
shown below the corresponding terms in Egs. (4) and (5), in which the
numerical quantities are given in lb/ssc and lb, respectively:
*

Some of the combustor inlet conditions and n.'s shown in Table III were
reported in Refs. 11 and 12. These previously reported values are in error
due to the use of an incorrect supply nozzle discharge coefficient (Cqy) 1N
calculating air total. enthalpy. Recent calorimetric measurements indicate
Cp to be 0.91 (used for data analysis in this report) which is less than the
value of 0.985 used for data analysis in Refs. 11 and 12. This surprisingly
low Cp is apparently the result of an unusual nozzle design which consists
of two conical sections connected by a 1.078-in. -diam, by 1.078-in.-long
cylindircal throat (the supply nozzle is actually the throat section of a M-7
wind tumrel). It is also possible that the throat effective area is reduced
by swirling motion of the gases (Ref. D). A definite swirl has been observed
with the arc-heated air which results from the purposely induced rotating arc
column motion.
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p,V,A, p.V = Zp V_ A
111 i ffAf jejejej (%)
2.86 + 0.041 = 2858 * 0.043
air  "effective™ (Discrepancy = 0,
fuel forced)

2 . 2 , -
(pi + ini ) Ai + (;pf sina + pfvf cos B) Af '13[13W sin a. dAw T, €08 & dAW

(606.3) (0.7) w  (88.9) w - (39.6)
10 2
=.Z (pe. + pe.ve. ) Ae. (1b) (5)
j= i i3 i
(706.2) (Discrepancy = + 7.6%)

The significant features of these results are: (1) the @g¢¢ distribution
necessary to satisfy mass continuity was found to be one which accounts for
99.9% of the air mass but requires an excessive amount of fuel, i.e,, the
results indicate n, = 1.05; (2) the deduced exit stream thrust is too high
by 7.6%. An m. < 1for this run would require a @, ¢¢ distribution which
gives a lower fuel flow rate, but Fig. 2 shows that a lower @, ¢¢ gives a
higher total weight flow rate, so Eq. (4) could not be satisfied. Further-
more, since Fig. 2 shows that the gegg distribution has a negligible effect
on the exit stream thrust, adjusting 1t would not balance Eg. (5) either.
Thus, changes in some other property (or properties) is required in order
to obtain a reasonable 7, together with acceptable balances on mass and
momentum. Figure 2 shows that, for a constant total weight flow rate, a
decrease in @ ¢¢ requires either a reduced static or pitot pressure, the
latter being more effective. Accordingly, it is concluded that the static
pressure, which was assumed uniform at the wall value, and the measured
pitot pressure must have been significantly lower in some regions of the
flow than the values used in the analysis. Results obtained in a test
described in the next section give credence to this conclusion.

Tests with 45°, 8-hole Injector. = Combustor wall pressure
distributions measured with the 45°, 8-hole injector are shown in Fig. 15(c).
The distribution measured in Run 11 with no injection and the corresponding
computed ideal distributions are also shown. Comparison of runs 11l and 12
with runs 6 and 9 for 90° injection in Fig. 15(b) shows that the injection
interaction is smaller with partially downstream injection, and the downstream
pressure distribution is smoother. A slightly increased pressure level in
run 12 due to a higher ER is also noted. The one-dimensional estimates of
Ne for runs 6 and 12 in Table III are 70% and 68%, respectively, suggesting
that partially downstream injection may not affect n, appreciably, but
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since inlet conditions were somewhat different, this cannot yet be a firm
conclusion.

The most complete set of measured combustor exit data obtained
to date was taken in run 12 and is shown in Fig. 17, where data points for
pitot pressure and static pressure, deduced from cone-static probes, are
plotted. Flow striation, characteristic of the 8-discrete-hole injectors
results, is apparent from the differences in pitot pressures obtained from
probes aligned with and between injection orifices. Figure 19 shows the
discoloration patterns (heat streaks) along the combustor wall caused by
the striated flow. Calorimetric data for run 12 indicated 71, = 0.56.

(Gas sampling data obtained in this test had to be discarded after it was
found that the mild steel sample bottles were causing an appreciable
decrease in sample 05 content prior to analysis,)

The concentric streamtube analysis technique has beer. applied
to run 12, using an assumed mean pitot pressure distribution (dashed curve
in Fig. 17 between in-line and interdigitated data). An ®a¢¢ distribution
(Fig, 17) was found which agreed with the calorimetrically measured n.
and more closely satisfied Egqs. (4) and (5). The mean ¢ distribution
necessary for fuel mass conservation was deduced by assuming that a similarly
shaped profile held between the mean and "effective distributions. In the
energy equation, Eq. (10), the QC was measured to be 190 Btu/sec,

wall
The magnitudes of the various terms in Egs. (4) and (5), given in the same
order as on 'page 14, were as follows:

2.80 + 0.048 = 2.78 *+ 0.027 %)
H 11 + 1t
arr Efiﬁztlwe Discrepancy = - 1.4%;

56% of fuel effective.

6462 t 58 * 485 - 234 = 711.0 Discrepancy = * 20%  (5)

Although a slightly different assumption on the mean pitot pressure distri-
bution shown in Fig. 17 could be made such that the momentum balance would
be improved, the above results are considered acceptable. The wall shearing
stress term (-23.4, deduced by Reynold's analogy) accounts for only 3.4%

of the momentum, hence a 25%error in it would change the magnitude of the
left-hand side of Eq. (5) by less than 1%b.

The deduced T,, M,, w, and Se profiles for run 12 are shown in
Fig, 18. With these results and the meastired p, profile, it is possible
to make comparisons of performance with reference cases (e.g., one-dimensional,

constant pressure combustion (Ref. 22), and to predict nozzle expansion with
certain basic assumptions (Ref. 23).

Obviously, the flow field at the combustor exit plane is far from
uniform, and it is not surprising that Ne's computed for one-dimensional
flow are often unreasonably high (> 100%). For run 12, a one-dimensional
ne of 68%was computed, which is 21% higher than the 56%measured in the
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calorimeter. It cannot be certain that this same difference exists in
every test listed in Table 111 (the difference has to be at least 25% in

run 5), however, this result is believed to be indicative of the qualitative
differences existing between the true Ne's and the one-dimensional value.

Tests with 45°, 16-Hole Injector. - This injector was designed
to eliminate the Tlow striations noted with the 8-hole injectors. The hole
diameter was reduced to 0,073-in,, so that total hole area remained the same.
Sufficient data are not yet available to determine if this objective was
accomplished quantitatively, but heat streaking on the wall was noticeably
reduced. Run 13 was conducted with this injector, and the resulting combustor
wall pressure distribution is shown in Fig. 16(b). Comparison of Figs.
16(a) and () shows similar pressure profiles for run 12 and run 13 for similar
fuel conditions. The one-dimensional n. is~ @ lower in run 13, but the
higher T; and p. in run 12 may have been responsible for the increased heat
release. No calorimetric data were obtained in run 13, so that further
testing is required to assess the effect of number of injection holes on 1.,

CONCLUSIONS

1. The problem of analyzing results from supersonic combustion
experiments has been investigated. It is concluded that an adequate des-
cription of the flow at the combustor exit can be developed if the following
are known:

a) A complete description of the inlet air and fuel flows.

b The axial distributions of combustor wall static pressure and
temperature, and the bulk heat flux through the combustor wall
(needed to estimate shear stress as well as combustion
effieiency).

© Local pitot pressures, cone-static pressures, and equivalence
ratio in the combustor exit plane.

d) Over-all heat release (measured by a steam calorimeter).

These measurements are used in conjunction with the integral conservation
equations and state equations to completely define the combustor exit flow
properties, The instrumentation required to obtain these measurements in the
severe combustor exit environment has been developed and successfully used.
It should be stressed that this set of measurements is unique only in the
sense that it represents the state-of-the-art in instrumentation. The
technique of flow evaluation recognizes the instrumentation limitation and
then attempts to obtain the best possible description of the flow. The
evaluation of local thermodynamic properties and local combustion efficiency
could be greatly improved if static temperatures and/or gas compositions
could be accurately measured in situ.

16 A



2

2. Experiments were conducted in a conical combustor with an
I.D, of 2.7 in., exit/inlet area ratio of 2, and length of 205 iIn. Arc-
heated air was supplied at conditions simulating flight at Mach numbers near
8 and altitudes near 113,000 ft. Application of the instrumentation and
detail flow analysis (concentric-streamtube) technique has revealed the very
non-uniform nature of the combustor exit flow and has shown that one-dimensional
flow analysis is inadequate. Any values of n, for scramjet combustors
based on a one-dimensional analysis should be viewed with reservation;
although trends, among very similar tests, may be correct, absolute values
may be in considerable error. Limited calorimetric data obtained in our
tests indicate that the computed one-dimensional n.'s should be reduced by
~ 20%. The streamtube analysis is also useful for assessing experimental data
and analytical assumptions.

3. The results have shown a strong effect of injector geometry
on the attainment of good supersonic combustion. Annular-slot, low-pressure
injection produced insignificant heat release, whereas high-pressure, dis-
crete-hole injection at 45° (downstream) to 900 produced significant combus-
tion [n, (corrected) = Z  49%) in all tests. The data show improved combustion
ef‘flC|ency at a given fuel temperature with mcreasmg ¢ up to the vicinity
of stoichiometric proportions (for Tyg ~ 700°R, nc increased from 49% at
® =05 to68%atep =0,94), and a highly benef|C|aI effect on combustion
efficiency of fuel preheating (n. near 100% was obtained at T,y = 1500°R
for o = 0.73).
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APPENDIX A GAS SAMPLING DATA REDUCTION

Equivalence Ratio Determination

In analyzing gas sampling data, it is assumed that for typical
test conditions the following scheme represents stages of the H;-air
reaction history:

arc _ fuel _ i i Hz0
heating injection reaction cooling removal
- T n - z - 5o, - b - ZnMM
¥ g 33 hThTr]“ 73 1 knkmk g AR
v, .o
s am”
. 1 1
. i 8
f= 02 Ng, A
g =0y, Np, A, NO (A-1)
h= Hy, Oz, Ny, A, NO

P—l.
|

= Hg, Op, Nz, A

j = H;0, Hy, Oz, Ny, A, H, OH, O, NO, N
k = H;0, Hy, Oy, Ny, A, NOp, N,0,

4 =Hy, Op, Nz, A, NOg, N3O,

where it is noted that the conversion of NO to NOg-Nz0g4 iIs nearly complete
at ambient temperature (Ref. 2). For convenience in defining equivalence
ratio, v, the hypothetical condition i1 is defined as one in which the species
coexist In their basic molecular states as unreacted fuel and unheated air,

Analysis of the cooled gases is used to determine ®; of the combustion products
from the definition:

P, = [nﬂa/(o,463 . + 0.405 my + 0.578 nA)li (A-2)

The molal quantities appearing in Eq. (A-2) are determined from a mass

balance applied to the reaction scheme (A-1) which results in the following
equations

P L I A P L A L P
(HOQ)J'- =:n03 + %1%0 * o t “onﬂi -2 M0t T, t wop t 2 a0,k (ac) |
-\ “Hzo)k +{“oz * Oyop * 2 “Ngon |

T A N L L "Na04 )k “[a # oo, * Mi0,)2 (ae5)

(nA)i =(nA)j =(nA)k =(“A)z (A-6)
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It is assumed in the definition of @ that combustion has occurred
with dry air* of the following volumetric composition, which is also used in
calculating equilibrium compositions and thermodynamic properties: 20.950% 0,
78.083% M, , and 0.962% A. Since 2NOp, ¥ NzO4 is a rapid, reversible reaction,
the equilibrium state in the sample bottle can be represented as

N0, w0, =% = % Tgo Pyo, + w0, G

where pNOQ + N0, Is the sum of the partial pressures of NO; and N0, .

Equilibrium data, such as those given in Ref. 25 are used to determine
o as a function of Tg and pN02 + N30, "

With the aforementioned relationships, It iIs necessary to determine

the mole fractions (partial pressures) of any three of Hy, 0., N, and NOp,

the fourth being inferred as the remaining mole fraction of bottled gases.
Water is removed from the sample by magnesium perchlorate before it is bottled.
Prior to acquisition of a gas chromatograph, analysis was made for H, with

a thermal conductivity cell and for 0, and NO; with a paramagnetic analyzer.
With the chromatograph, analysis is made for Hz, 02 and Nz;. Depending upon
which of ¥, or N0, is analyzed, the other can be determined from the equation.

[1.012 xNz =1 - (Xl{g + Xog) 0 (1.006 + 1.012 @)L (A-8)

X

where use has been made of the known ( n,:mg )i ratio. The remaining
2
; i - , and {X, = 0.012 t + 1413 .
constituents are given by X o =0 Xy, {x, [XNZ XNOQ @ 2)]}£

To determine concentrations prior to water removal, the known

[n.N i, }i ratio is used. 1T we consider one mole of bottled gases, then
2 -]
the corresponding water content in the sampled gases is given by
=10.537 - 3.463 o+ % A-9
‘-nnzo)k [ , %o, ( )]Z (4-9)

With (nH o)k known, the initial composition n,, per mole of bottled gases,

2
Is now determined from Egs. (A-3) - (AD). The results can be used to formulate
the following relationship between ¢ and the measured quantities:

- - 1
xN2 + 1.8 xHZ 3.727 XOa 6.455 me (e + 3

X, * X, @ D) )

Qp:

*

The air, which is saturated at 3000 psi before passing through a process

dryer consisting of a molecular sieve dessicant, contains ~ 0.01% water by
weight.
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The water content of the sampled gases is determined by weight
analysis and used as a check on the accuracy of the foregoing analysis. The
temperature and pressure of the bottled gases is measured and the volume
of the bottle is known, so that the total number of moles of bottled gases
is prb/RTb, and the corresponding weight of water is

(Wﬂgo)k =(n}120)k My o PbVb/RTy (A- 11)

where ( } is given by Eq. (A-9). This weight of water is compared with
M50k

that determined from the actual. weight analysis. Assuming the water weight
analysis to be accurate, any difference between the measured and computed
water contents can be traced to one or both of two possible causes: (1)
mass diffusion in the combustor flow field caused by concentration gradients
resultin® from the chemical reaction, so that local values of the ratio

no2 :nszi, in particular, may be different from that existing in pure air;

(2) mass diffusion (e.g., Hy separation) due to flow disturbances created
by the sampling probe, particularly if the probe does not swallow the shock.
A mass balance over the combustor exit plane determines which of the two
mechanisms occur. If only the first mechanism occurs, a mass balance of the
hydrogen is possible; if the second mechanism occurs, a mass balance is not
possible.

Combustion Efficiencv Determination

In order to determine combustion efficiency from gas sampling data,
it is necessary that the sampling probe efficiently quench chemical re-
actions at the sampling point. Since this has not been proven to occur with
our probes, a more accurate means of determining combustion efficiency,

i.e., steam calorimetry (see next section), is used. However, the sampling
data is analyzed to determine its usefulness for this purpose.

Among the results of the combustor exit flow analysis described
in the text were the local g ¢f, Te, and p, and the corresponding equilibrium
composition. With this information, a realistic local composition at the
combustor exit or sampling probe inlet is determined as being the equilibrium
composition corresponding to ¢@,¢¢ plus unburned fuel in an amount determined
by the difference between ©,¢¢ and the actual ®. Assuming that no further
chemical reaction occurs, except as required by the quenching process, and
postulating recombination paths of the active species (0, N, H, OH and NO),
the corresponding composition of the quenched sample is calculated. K The
active specie recombination paths used are as follows: |If (nH > noy i

z n,MM, _’{[HOH 0¥ %(“ﬁ - “oa)mﬂg + %(“0- - “No)mo2 +E oy + nNDmNOg]j}k

J

5 = OH, H, 0, N, NO (A- 12)




1f (“H‘< “on)j’

? n, M, “[’%{"H + non)mugo + %(HOH B B T nNo)mo2 + & oy + “No”koa]j
§ =OH, H, 0,N, NO (A-13)

It is assumed in deriving Egs. (A-12) and (A-13) that the maximum amount

of water is formed from OH, H and 0. |If the coefficient of 05 in the equations
is negative, then no Oz is formed and the amount of 0, existing at condition
(j) must be reduced by the magnitude of the coefficients.

The composition calculated by the above analysis is compared with
the actual composition determined from sampling, whereby the quenching
efficiency of the sampling probe is assessed. It is important to note that
even if the probe completely quenched the sample it is still necessary to
perform the above analysis in order to compute combustion efficiency, since
the state of the-quenched gases depends heavily upon the state of the hot
combustion products. It is not sufficient to use only the amount of fuel
in the quenched gases as a measure of combustion efficiency. As an illustra-
tion of this point, we note that if the equilibrium composition (i.e., 100%
combustion efficiency) corresponding to ® = 1.0 and 1 atm (Ref. 17) is
quenched via the proposed paths from 5500°R to room temperature, 7.8% Hy
will be present which implies 92.2% combustion efficiency based on unburned
fuel. This difference is significant.



APPENDIX B: CALORIMETER DATA REDUCTION

Definition of Experimental Heat Release Rate and Combustion Efficiency

To simplify the discussion, it is assumed that average values
of the combustor exit flow properties can be defined; generalization to
the case where gradients exist is straightforward, but much more complicated.
Application of the energy conservation law to the combustor flow (Fig. B-1)
results in the following equation:

e"alhta)l + ’:’f(htf)z =(‘;’é + ‘;’f)(htcp)B *+ & (3-1)

where h =h+%v2 = (H+ AH) + % v®, where h is the static enthalpy at

temperature T, AH is the heat of formation at an arbitrary reference, T,

T
and H E_[ cpdT. The subscripts a, f, and cp refer to air, fuel, and

TO
combustion products. If we define sensible enthalpy as AH = H + £ v®, then
Eg. (B-1) can be written as
&a(AHa)l + 10.Vf(AHf)Z -(ﬁa + ﬁ’f“AHcp)B =(ﬂ]a + T:If)(Ahcp)B - i’a(Aha)l
(B-2)

- ‘;’f(Ahf)z + 4

The left-hand side of Eq. (B-2) is identified as the heat release rate, QR’
i.e.,

W@

"

w o), + wkf{AHf)z -(ﬁra + ﬂvf)(AHcp)B (B-3)

(B-4)

[4a + #)(Arcp)3 - wka(Aha)l ; v‘vf(_Ahf)z +4,

(Note that this definition of §, differs from a commonly used definition
which requires the reactants an% combustion products to be at ambient
conditions.)

Combustion efficiency can be defined in either of two ways:
(1) the ideal fuel flow rate, Ww¢ ;40,7 f€quired to produce the experimental

QR can be divided by the experimental fuel flow rate, wg; or (2) the experi-
mental Q, can be divided by the maximum Qr which could be ideally obtained
with the experimental %¢. Since Qg is not a linear function of wg, these
two definitions-differ. The first definition is used in the work reported
herein because of its usefulness in engine performance calculations.
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To determine the experimental Q'R, Eq, (B-3) indicates that one
should determine the gas composition at various stations in the combustor.
However, sampling of the hot combustion products is a difficult task. An
alternative, as shown by Eq. (B-4), would be to measure the sensible heats of
the reactants and products. In theory, this could be accomplished in the
absence of composition measurements if a frozen total temperature could be
measured, for then the composition could be determined by an iterative process
such that Egs. (B-3) and (B-4) produced the same value of QR- This approach
is further simplified by the fact that at temperature levels of interest
the sensible heat is rather insensitive t.o composition, because the majority
of the species present have nearly the same specific heats. Nevertheless,
this approach is difficult due to the lack of techniques for measuring high
temperatures, The steam calorimeter offers a way out of this situation.

Steam Calorimeter

An energy balance of the calorimeter flow (Fig. B-1) results
in the following equation:

ﬁcp( )3 tw (h )4 cp‘ht )5 + %W(ht ]5 + QK (B-5)
cp W

If sensible heats and heats of formation are introduced into Eq. (B-5),
and the result then introduced into Eq. (B-4), the following equation results:

Q = ‘;’cp(Ahcp)s + ch“ AR ol '(Aﬂcp” 3t éc; Qe+ Q- ‘:’;lAha)l - ‘.’f‘Ahf)z ’
(B-6)

d =+ - } : =g T
where Qq = WW{(htw)S (htWM]’ and wep =Wy T we, The temperature

level at the calorimeter exit is relatively low and the velocity is subsonic,
so that gas sampling and temperatures can be measured accurately and ‘Ah 5
and (AH ]5 can be evaluated. Since the calorimeter quenches the chemlcal

reaction at the combustor exit, the term AHCP)S - ,3, would be identically

zero were it not for the fact that free radicals existing at station (3)
recombine in the quenching process; the result is that this term is significant,
Hence, the need to know the Composition of the hot combustion products appar-
ently remains. An alternative approach which avoids any sampling and which is
used for data analysis will now be described.

Inasmuch as the calculation of combustion efficiency requires
that the Ve ideal which would produce the experimental heat release be known,
2

it is reasonable to make use of the composition resulting from this ideal
calculation in computing QR. As was previously noted, the sensible heat is
relatively insensitive to the composition used in its calculation, so that
a reasonably accurate determination of][(AH Ijs -(AH p)B]Will result in an
acceptable value for Qp. Hence the composition used for evaluating Qr

taken at station (3) as the equilibrium composition corresponding to -

plus unburned fuel in the amount(wf - Wf,ideal)' The composition at station
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(5) is that which results from quenching the composition at (3) with no
change in concentrations of the stable species except as required by the
qguenching process, where it is assumed that the radical recombination paths
are as given in Egs. (A-12) and (A-13). The problem now reduces to one of
determining ivf sidegl and the composition at station (3).

Calculation of Ve ideal

The problem of determining wg ideal and the corresponding equili-

bruim composition is primarily one of defining the ideal static temperature
and pressure at the combustor exit; the effect of the flow velocity on these
conditions is significant and must be taken into consideration. The mass,
momentum and energy conservation laws are applied to this problem under the
following conditions: (1) the exit flow is uniform (one-dimensional); and
(2) the experimental combustor heat loss and wall pressure force, and the
deduced wall frictional force are employed. Under these conditions (and
with known input conditions), all of the combustor exit properties corres-
ponding to a given ‘;’f,ideal can be calculated using equilibrium thermodynamic

data. The correct w. . is that value which allows simultaneous satis-
f,ideal

faction of Eqgs. (B-3) and (B-6), and is found by an iterative procedure.

The effects of pressure, temperature (and velocity) and quenching
path on calculated heat release rate is shown in the following example.
Instead of calculating heat release rate, an equivalent approach in arriving
at combustion efficiency is to determine the amount of fuel which, when
burned to completion and quenched to the temperature at station (5), would
give the measured (Q +QC + QK), If Egs. (B-1) and (B-5) are combined,
we obtain

(Q+E)C+QK) % W

=19 = 2 = , -
@ =% 3 (ht )1 ol LY )2 (ht |5 (B-7)
cp cp a cp £ cp

For given air and fuel input conditions and a given temperature at station (5),
Qg will depend only on the composition at (5) which, in turn, depends on the
comp03|t|on at (3) and the quenching path. In Fig. B-2, we show the variation

in the term Qg when the equilibrium combustion products corresponding to o = 1.0

at 0.5, 1.0 and 2.0 atm (Ref. 17) are quenched via the paths of Eqgs. (A-12)
and (A-13) from various velocity (or temperature, which is also plotted) levels.
For the example shown, it is assumed that

1:a
— (h )
ch ta 1

2!'_'4‘ e

(h )2 (h ) = 1042 Btu/1b,

* S



Ts = 1440°R and the kinetic energy at station (5) is negligible. It is also
noted in Fig. B-2 that the value of corresponding to equilibrium cooling of
the combustion products (which would be computed using the fuel's higher heating
value with a correction to account for the products being at 1440°R rather
than room temperature) is 2945 Btu/1lb. As shown in Fig. B-2, pressure has
only a minor effect (1%mat 7000 fps) on Qm. However, Qy increases by 6.5%

as the velocity increases from 0 to 7000 fps at 1 atm, This velocity

increase corresponds to a temperature decrease of 5700°R to 5135°R. Even
more significant is the difference between the Qu calculated by assuming
guenching and that calculated assuming equilibrium cooling (9.2% at 7000

fps, increasing as the velocity is decreased). These results indicate that
reasonably good estimates of temperature and quenching mechanism are impor-
tant in defining combustion efficiency by calorimetry.

Determination of Air Inlet Enthalpy

It has been assumed in the previous discussion that the air and
fuel inlet conditions are known. The highest temperature level at which
He is used in tests is 2300°R; hence, temperature measurements are possible.
The total temperature of the air, however, is in the range (5000°-55000R)
where direct measurement is difficult. The calorimeter offers one means
of conveniently determining the air total enthalpy. Application of the
energy conservation law to the combustor-calorimeter combination in the
absence of fuel injection results in the following equation:

Wa“Aha)l +(AHa)1] B Wa[( Aha]S +(Aﬂa)5] + QC + QK * Qq (8-9)
The air static temperature at the combustor inlet for the tests reported
herein is in the range of 2000°-2500°R at a pressure level of ~ 1 atm. |If

the air were in equilibrium,(AHa)1

Ne and A, all of which have zero heats of formation, would exist (Ref. 17)
(actually, a negligible amount of NO would be present). Since a significant
amo‘mt of NO was found to exist at the combustor inlet, these terms become

(AHa ( NO AH].\Ioll’(AHa )5 ( NO2 AHNOQ)S Where(g OLl and N = were found
to be 0.032 and 0.046, respectively. Calculati Y2dm the known

anthHa) would be zero since only 05,

composition (assumed the same as at station (1)) and the measured temperature

row permits hta 1 lA’h ) +{AH )1 to be determined.
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APPENDIX G: CONE STATIC: PRESSURE: DATA REDUCTION

The determination of free stream static pressure from cone
surface pressure measurements can be based on exact conical flow properties
such as those presented in Ref. 26. For computational convenience, the
analytic approximation of the exact results which is presented in Ref. 27
is used in this program. Even though these results strictly apply only to

unyawed cones, they can be used where small yaw angles occur provided the
average cone surface pressure is measured (Ref. 28).

The approximation presented in Ref. 27 is

c, ETOO =% (£ T £, sin2 8 - {(f5 - £ sin2 8)® - [(f5 - £,) sin2 6]2}%)

. MQ -1 (C-l)

2 \

Y + 7 Yy -1 6 . «©
where h =T S\ TE ] THEFTEF s
/ : ’
! - i !+7 _ 1 1
= Y[XY+7 1 L
fq 2\ y+ 1) 1+"ﬁ;§ 1.+M—.f

Application of Egq. (C-1) requires that the local Mach number and specific
heat ratio be known. As is shown in Ref. 27, the pressure coefficient, C_,
is only weakly dependent. upon ¥, so that a value of 1.4 is used in pre-
liminary calculations. The measured combustor exit wall static pressure
is used together with the measured local pitot pressure, p.', to estimate
M, (via the Rayleigh pitot formula), which is then used to calculate p,
from Eq. (C-1). The process is repeated using p, and p.' to obtain a
new M, until. satisfactory convergence is obtained. The value of p_
obtained in this manner is used in the analysis described in the text

which utilizes real gas properties, so that a final recomputation of p_
is made to correct for real gas effects.
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(A) GAS SAMPLE COLLECTION EQUIPMENT USED IN COMBUSTION TESTS
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Fig. 9 GAS SAMPLE COLLECTION EQUIPMENT USED IN
COMBUSTION AND MIXING TESTS
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Fig. 19

DISCOLORATION PATTERNS ON COMBUSTOR WALL
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NOTE: FOR EQUILIBRIUM COOLING, Qy = 2945 Btu/Ib
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Fig. B-2 EFFECT OF COMBUSTOR EXIT CONDITIONS ON COMPUTED IDEAL

HEAT RELEASE RATE



T°R p (Qcm) 0. (UQem/ °c)
80 10.3 0.040
400 17.3 0.040
900 4.1 0.064
1800 46.5 0.023

Combustor Inlet Conditions (Static) Injectant Conditions (Static)
rRon | Fi | Ti | M1 Vi Pe | Tt Ve Ve ER
(psia) | (°R) | (1b/sec) | (ft/sec) |(psia) | (°R) | (1b/sec) |(ft/sec)
1 13.2 | 2520 2.82 6800 17.5 | 490 0.041 1575 0.50
2 13.2 12520 2.82 6800 16.3 | 477 0.055 2180 0.67
3 14.5 | 2795 2.86 7002 14.5 | 261 0.091 6815 1.09
4 13.6 | 2542 2.85 6780 13.6 | 247 0.109 7125 1.31
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